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𝑅 = 100 − 𝑄 𝑡 𝑑𝑡!!!!  
 
Equation	2-1	










































































Hydraulic	Capacity	 Pier	Scour	Resilience	 Abutment	Insulation	20:	>	1.85	m	 15:	Engineered	apron	 15:	Piling	and	blanket	18:	1.5-1.85	m	 12:	Adequate	riprap	 13:	Piling	only;	new	16:	1.2-1.5	m	 9:	Some	riprap	 11:	Pile	foundation	and	blanket	14:	1.0-	1.2	m	 6:	No	riprap,	slow	flow	 8:	Pile	foundation	only	0-14:	0-	1.0	m	 3:	No	riprap,	fast	flow	 6:	Wood	and	slow	creek	0:	<0	m	 0:	No	riprap,	threatened	 4:	Wood	and	fast	creek	-	 -:	N/A	 2:	Crumbling	wood				 After	the	weight	factors	and	the	resilience	indicators	are	determined,	the	BRI	is	calculated.		The	BRI	is	the	sum	of	the	product	of	the	weight	factors	and	the	resilience	indicators,	as	shown	in	Equation	2-5:	
𝐵𝑅𝐼 = 𝑊 𝑥! ∗ 𝑅(𝑥!)!!!!  










uses	information	from	the	Structure	Inventory	and	Appraisal	(SI&A)	report	and	is	shown	below	in	Equation	2-6:	 𝑆𝑅 = 𝑆1+ 𝑆2+ 𝑆3+ 𝑆4	
Equation	2-6	
	 Where:		 	 SR=	Sufficiency	rating		 	 S1=	55	–	(A+B),	0<S1<55		 	 	 Where:		 	 	 	 A=	function	of	superstructure,	substructure,	and	culvert	rating		 	 	 	 B=	(32.4	–IR)	1.5	*	0.3254		 	 	 	 	 Where:		 	 	 	 	 	 IR=	Inventory	rating		 	 S2=	30-	[J	+	(G	+	H)	+I],	0<	S2	<30	and	0<	(G	+	H)	<15		 	 	 Where:		 	 	 	 J=	(A	+	B	+	C+	D	+	E	+	F),	0<J<13		 	 	 	 	 Where:		 	 	 	 	 	 A=	function	of	deck	condition		 	 	 	 	 	 B=	function	of	structural	evaluation		 	 	 	 	 	 C=	function	of	deck	geometry		 	 	 	 	 	 D=	function	of	underclearances		 	 	 	 	 	 E=	function	of	waterway	adequacy		 	 	 	 	 	 F=	function	of	approach	road	alignment		
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Transportation	Federal	Highway	Administration,	1995]	Code	 Description	N	 Not	applicable	9	 Excellent	condition	8	 Very	good	condition-	no	problems	noted.	7	 Good	condition-	some	minor	problems.	6	 Satisfactory	condition-	structural	elements	show	some	minor	deterioration.	5	 Fair	condition-	all	primary	structural	elements	are	sound	but	may	have	minor	section	loss,	cracking,	spalling,	or	scour.	4	 Poor	condition-	advanced	section	loss,	deterioration,	spalling,	or	scour.	
3	 Serious	condition-	loss	of	section,	deterioration,	spalling,	or	scour	have	seriously	affected	primary	structural	components.		Local	failures	are	possible.	Fatigue	cracks	in	steel	or	shear	cracks	in	concrete	may	be	present.	
2	 Critical	condition-	advanced	deterioration	of	primary	structural	elements.		Fatigue	cracks	in	steel	or	shear	cracks	in	concrete	may	be	present	or	scour	may	have	removed	substructure	support.		Unless	closely	monitored,	it	may	be	necessary	to	close	the	bridge	until	corrective	action	is	taken.	1	 “Imminent”	failure	condition-	major	deterioration	or	section	loss	present	in	critical	structural	components	or	obvious	vertical	or	horizontal	movement	affecting	structure	stability.		Bridge	is	closed	to	traffic	but	corrective	action	may	put	back	in	light	service.	0	 Failed	condition-	out	of	service-	beyond	corrective	action		The	channel	and	channel	protection	is	similarly	rated	on	a	scale	as	seen	in	Table	3-2.	
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Table	3-2	Condition	Rating	for	Channel	and	Channel	Protection	[US	Department	of	



















3.3.1 	Sufficiency	Rating	A	bridge’s	sufficiency	rating	is	listed	in	the	SI&A	report	and	contains	information	on	functionality,	structural	integrity,	and	essentiality	or	usefulness	to	the	public.		The	sufficiency	rating	is	scaled	from	0	to	100.		Bridges	with	higher	scores	are	typically	considered	“more	sufficient”	bridges.		A	major	drawback	of	a	sufficiency	rating	is	it	is	not	indicative	of	a	structure’s	resilience.			While	not	a	measure	of	resilience,	a	component	of	a	structure’s	sufficiency,	“user	cost”,	is	also	a	component	of	its	resilience.	The	determination	of	user	cost,	S3,	is	listed	in	Equation	3-1	[US	Department	of	Transportation	Federal	Highway	Administration,	1995]:	𝑆3 = 15− (𝐴 + 𝐵) 	
Equation	3-1	
Where:		 A=	15 !"# ∗ !")!"#,!!!∗! 		 	 k=	!!!!!!" 		 	 	 S1=	a	function	of	the	condition	ratings	for			 	 	 S2=	a	function	of	ADT	and	bridge	geometry		 	 ADT=	average	daily	traffic		 	 DL=	detour	length	(miles)		 B=	2	if	Item	100	>	0	
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𝑅𝑅 = 𝑊(𝑥!) ∗ 𝑅(𝑥!)!!!! 	
Equation	3-2	






𝑊 𝑥 = 𝑊𝐹𝑊𝐹!!!! 	
Equation	3-7	
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Weight	Factor	 Replacement	Cost,	α	5	 20-25%	4	 15-20%	3	 10-15%	2	 5-10%	1.5	 0-5%	0	 N/A	
3.4.1.2 	Consequence	of	Event,	β		 The	consequence	of	event	weight	factor	refers	to	the	state	of	the	bridge’s	structural	integrity	and	functionality	if	it	were	to	sustain	damage	from	the	applicable	resilience	indicator.		These	ratings	are	also	adapted	from	Ikpong	and	Bagchi	[2015]	as	given	in	Table	3-6.	
Table	3-6:	Consequence	of	Event	Weight	Factor	



























Rating	 Foundation	Type		15	 9.	Drilled	shaft	or	caisson	13	 8.	Timber	piles	11	 7.	Precast	concrete	piles	8	 4	to	6.	CIP	fluted	shell,	CIP	pipe	shell,	Steel	H	piles	6	 3.	Spread	on	bedrock	4	 2.		Spread	on	cemented	soil	2	 1.	Spread	on	uncemented	soil		 	Bridge	foundation	types	are	listed	in	the	SI&A	report	with	two	numbers.		The	first	number	identifies	the	type	of	foundation	for	the	abutments	and	the	second	number	identifies	the	type	of	foundation	for	any	applicable	pier(s).		For	the	proposed	resilience	rating	method,	the	lower	of	the	two	numbers	is	used	to	rate	the	foundation	type.	
3.4.3.3 	Support	Type	The	support	type	capacity	measure	is	used	to	rate	the	resilience	of	the	superstructure	against	extreme	temperature	variations.		The	two	categories	of	supports	considered	are	expansion	joints	and	integral	supports.		Expansion	joints	allow	for	thermal	movement	due	to	an	increase	in	temperature.		This	is	beneficial	because	it	allows	the	superstructure	to	expand	without	inducing	stress.		However,	a	disadvantage	to	expansion	joints	is	they	are	more	susceptible	to	corrosion	and	degradation,	thereby	requiring	added	maintenance.		The	required	width	of	the	expansion	joint	is	a	function	of	span	length,	change	in	temperature	and	the	coefficient	of	thermal	expansion.		For	this	study,	an	extreme	temperature	differential	between	maximum	lows	and	highs	is	125°	F.		This	value,	found	in	the	AASHTO	LRFD	Design	Specifications	section	3.12,	comes	from	the	most	extreme	
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temperature	differential	in	Arizona,	regardless	of	material	or	climate.		The	width	of	expansion	joint	required	for	this	temperature	difference	is	compared	to	the	expansion	joint	as	constructed.		In	this	way,	the	capacity	of	the	expansion	joint	is	measured	against	an	extreme	change	in	temperature.		The	required	expansion	joint	width	calculated	per	Equation	3-4.	 𝛿!"#!!"# = 𝛼 ∗ ∆𝑇 ∗ 𝐿	
Equation	3-4	
	 Where:		 δtemp125=	thermal	deformation	for	125°	F	temperature	difference	(in.)		 	 α=	6.0×10-6/°F		 	 ∆T=	change	in	temperature	(125°	F)		 	 L=	span	length	(in)	This	is	then	expressed	as	a	ratio	of	the	thermal	deformation	over	the	actual	width	of	the	expansion	joint	to	determine	the	over-strength	capacity	of	the	expansion	joint	(Equation	3-5).			
𝑅! = 𝐿!𝛿!"#$!"#	
Equation	3-5	
	 Where:		Rδ=	deformation	over-strength	ratio	Le=	length	of	expansion	joint	(in.)	δtemp125=	thermal	deformation	for	125°	F	temperature	difference	(in.)		 	 	
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If	the	thermal	deformation	is	greater	than	the	expansion	joint	or	if	there	is	no	expansion	joint	(i.e.	the	superstructure	is	restrained	from	expanding),	then	the	structure	must	resist	the	stresses	caused	by	the	deformation	in	Equation	3-4.		The	stress	caused	by	thermal	expansion	is	shown	in	Equation	3-6.	
𝜎!"#$!"# = 𝛿!"#$!"#𝐿 ∗ 𝐸! 	
Equation	3-6	
	 Where:		 	 σtemp125=	stress	induced	at	a	temperature	difference	of	125°	F	(ksi)		 δtemp125=	thermal	deformation	for	a	125°	F	temperature	difference	(in.)		 	 L=	span	length	(in.)			 	 Ec=	modulus	of	elasticity	of	concrete	(ksi)		 This	is	also	expressed	as	a	ratio	between	the	stress	induced	at	a	temperature	differential	of	125°	F	and	50%	of	the	compressive	strength	of	concrete	to	determine	the	over-strength	of	the	concrete	(Equation	3-7).		A	stress	in	excess	of	50%	of	the	compressive	strength	indicates	the	risk	of	concrete	crushing	due	to	service	loading	is	assumed	unacceptably	high.			














𝑅 = 𝑉!"#$%&!𝑉!"!#!"#𝑉!"#$%&  𝑜𝑟 𝑀!"#$%& −𝑀!"!#!$%𝑀!"#$%& 	
Equation	3-8	




Rating	 Redundancy	Ratio	15	 0.85<	Ratio	≤1.0;	highly	indeterminate	13	 0.68<	Ratio	≤0.85	11	 0.51<	Ratio	≤0.68	7	 0.34<	Ratio	≤0.51	5	 0.17<	Ratio	≤0.34	3	 0<	Ratio	≤0.16	1	 Ratio	=	0;	fracture	critical	structure			 The	information	on	capacity	for	the	entire	bridge	as	well	as	the	capacity	of	a	single	member	is	determined	from	the	as-built	construction	drawings.		The	calculations	to	determine	flexural	and	shear	capacity	are	performed	by	hand	using	the	procedures	in	the	AASHTO	LRFD	Bridge	Design	Guidelines.	
3.4.3.5 Strength	Reduction	Factor		The	resilience	of	a	bridge	in	terms	of	its	failure	mode	is	rated	by	comparing	the	strength	reduction	factors	for	the	two	most	critical	failure	mechanisms.		The	ratio	of	strength	reduction	factors	is	compared	with	the	ratio	of	the	load	that	causes	the	respective	failure	modes	as	given	by	Equation	3-9.	
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𝑅𝑅 = 𝑊(𝑥!) ∗ 𝑅(𝑥!)!!!! 	The	resilience	rating	equation	culminates	in	combining	all	of	the	above	outlined	steps.		First,	the	resilience	indicators	are	compared	to	their	associated	capacity	measures	(valued	between	0	and	15),	as	seen	in	Table	3-13.	
Table	3-13:	Resilience	Indicator	Rating	




Resilience	Indicator	 Replacement	Cost	(α)	 Consequence	of	Event	(β)	 User	Cost	(φ)	 Weight	Factor,	WF	(α*β*φ)	 Weight,	W(x)	(WF/ΣWFi)	Pier/Abutment	Washout	 	 	 	 	 	Extreme	Temperature	 	 	 	 	 	Load	Path	 	 	 	 	 	Failure	Mode	 	 	 	 	 	Soil	Erosion	 	 	 	 	 		Finally,	the	resilience	rating	will	be	calculated	by	multiplying	each	resilience	indicator	rating	with	its	corresponding	weight	percentage	and	summing	the	value,	as	seen	in	Table	3-15.	
Table	3-15:	Resilience	Rating	































Resilience	Indicator		 Capacity	Measure	Type	 Rating	 R(x)	Pier	or	Abutment	Washout	 9:	Drilled	shaft	or	caisson	 15	 15/15	Extreme	Temperature	 Single span with expansion joints 





































Resilience	Indicator		 Capacity	Measure	Type	 Rating	 R(x)	Pier	or	Abutment	Washout	 3:	Spread	on	bedrock	 6	 6/15	Extreme	Temperature	 Multi span with expansion joint and Rδ ≤ 1	 1	 1/15	Redundancy	 0.87	 15	 15/15	Failure	Mode	 1.35	 8	 8/15	Soil	Erosion	 0:	No	protection	 0	 0/15		
4.2.2.1.1 Pier	or	Abutment	Washout	versus	Foundation	Type		 In	order	to	determine	the	type	of	foundation	for	the	Tanner	Wash	Bridge,	the	SI&A	report	was	consulted.		In	the	report,	foundation	type	was	coded	‘33’,	which	means	that	both	the	piers	and	abutments	have	spread	footings	on	bedrock.		The	rating	for	the	Tanner	Wash	Bridge	foundation	type	is	found	in	Table	3-8,	as	shown	in	Table	4-6.		
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4.2.2.1.2 Extreme	Temperature	versus	Support	Type		 The	Tanner	Wash	Bridge	is	a	three	span	bridge	that	has	a	2-in.	expansion	joint.		The	length	of	the	expansion	joint	will	be	compared	with	the	change	in	length	caused	by	an	extreme	temperature.		As	seen	in	Appendix	A,	the	change	in	length	is	2.11	in.	and	was	calculated	using	Equation	3-3.		Since	the	actual	length	of	the	expansion	joint	is	less	than	the	change	in	length,	stress	will	be	induced	in	the	slab.	This	means	the	bridge	fits	into	the	‘Multi 


































Resilience	Indicator		 Capacity	Measure	Type	 Rating	 R(x)	Pier	or	Abutment	Washout	 4:	Steel	H	piles	 8	 8/15	Extreme	Temperature	 Multi span with integral 




































Resilience	Indicator		 Capacity	Measure	Type	 Rating	 R(x)	Pier	or	Abutment	Washout	 3:	Spread	on	bedrock	 6	 6/15	Extreme	Temperature	 Multi span with expansion joints and Rδ > 1	 9	 9/15	Redundancy	 Fracture	critical	structure	 1	 1/15	Failure	Mode	 1.50	 8	 8/15	Soil	Erosion	 N/A	 -	 -/15		
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4.2.4.1.1 Pier	or	Abutment	Washout	versus	Foundation	Type		 The	SI&A	report	is	consulted	to	determine	the	type	of	foundation	on	Midgley	Bridge.		The	foundation	type	is	coded	as	‘33’	in	the	report,	which	means	the	foundations	for	both	the	piers	and	abutments	are	spread	footings	on	bedrock.		According	to	Table	3-8,	this	results	in	a	rating	of	6	as	presented	in	Table	4-16.	




































Resilience	Indicator	 Weight,	W(x)	 Rating,	R(x)	 W(x)×R(x)	Pier/Abutment	Washout	 58.1	 15/15	 58.1	Extreme	Temperature	 8.7	 13/15	 7.5	Load	Path	 7.9	 15/15	 7.9	Failure	Mode	 7.9	 8/15	 4.2	Soil	Erosion	 17.4	 0/15	 0.0		 	 Total	(RR)=	 77.4		
4.3.2 	Tanner	Wash	Bridge		 The	resilience	rating	for	the	Tanner	Wash	Bridge	is	determined	using	the	Indicators	and	User	Cost	ratings	(Table	4-6)	and	Weights	(Table	4-10).	As	seen	in	Table	4-22,	the	resilience	rating	for	Tanner	Wash	Bridge	is	33.3.	
Table	4-22:	Tanner	Wash	Bridge	Resilience	Rating	
Resilience	Indicator	 Weight,	W(x)	 Rating,	R(x)	 W(x) ×R(x)	Pier/Abutment	Washout	 32.9	 6/15	 13.1	Extreme	Temperature	 20.6	 1/15	 1.4	Load	Path	 12.3	 15/15	 12.3	Failure	Mode	 12.3	 8/15	 6.6	Soil	Erosion	 21.9	 0/15	 0.00		 	 Total	(RR)=	 33.3		
4.3.3 	Earp	Wash	Bridge		 	 The	resilience	rating	for	the	Earp	Wash	Bridge	is	determined	using	the	Indicators	and	User	Cost	ratings	(Table	4-11)	and	Weights	(Table	4-15).		As	seen	in	Table	4-23,	the	resilience	rating	for	Earp	Wash	Bridge	is	43.9.		
96		
Table	4-23:	Earp	Wash	Bridge	Resilience	Rating	
Resilience	Indicator	 Weight,	W(x)	 Rating,	R(x)	 W(x) ×R(x)	Pier/Abutment	Washout	 6.2	 8/15	 3.3	Extreme	Temperature	 7.7	 5/15	 2.6	Load	Path	 15.5	 5/15	 15.5	Failure	Mode	 64.4	 6/15	 25.8	Soil	Erosion	 6.2	 0/15	 0.0		 	 Total	(RR)=	 43.9		
4.3.4 	Midgley	Bridge		 	 The	resilience	rating	for	the	Midgley	Bridge	is	determined	using	the	Indicators	and	User	Cost	ratings	(Table	4-16)	and	Weights	(Table	4-20).		As	seen	in	Table	4-24,	the	resilience	rating	for	Midgley	Bridge	is	31.7.		
Table	4-24:	Midgley	Bridge	Resilience	Rating	













5.2.2 	Tanner	Wash	Bridge		 Tanner	Wash	Bridge	has	a	sufficiency	rating	of	77.10	and	was	expected	to	have	a	low	resilience	rating.		The	actual	resilience	rating	of	33.3	shows	that	Tanner	Wash	Bridge	accurately	fits	into	the	category	of	high	sufficiency	and	low	resilience	rating.		 	Several	items	led	to	the	low	resilience	rating	of	Tanner	Wash	Bridge.		The	foundations	of	the	abutments	and	piers	are	spread	on	bedrock.		Although	it	is	beneficial	to	have	a	foundation	on	bedrock,	the	lack	of	piles	or	drilled	shafts	makes	it	less	resilient.		The	bridge	also	has	no	scour	protection	countermeasures	for	the	flow	control,	waterway	floor,	or	bank.		This	resulted	in	a	rating	of	0/15	for	soil	erosion,	making	it	non-resilient	in	this	category.		The	detour	length	of	Tanner	Wash	Bridge	is	at	least	99	miles	as	seen	in	the	SI&A	report,	making	the	user	cost	for	the	bridge	low	and	subsequently	lowering	the	resilience.				 Some	factors	helped	increase	the	resilience	rating	of	the	bridge.		The	bridge	is	redundant,	having	five	girders	and	a	concrete	slab.		This	makes	the	bridge	more	resilient	
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because	the	load	can	be	redistributed	in	the	case	of	the	loss	of	a	single	girder.		The	ratio	between	the	flexural	and	shear	failure	modes	and	their	accompanying	strength	reduction	factors	is	also	high.		This	means	that	the	bridge	will	most	likely	experience	a	flexural	failure,	when	warning	signs	will	precede	failure.		The	high	ratio	makes	the	bridge	more	resilient.		In	this	case,	the	varying	ratings	and	weights	show	that	a	high	sufficiency	rating	is	not	indicative	of	a	high	resilience	rating.	
5.2.3 	Earp	Wash	Bridge		 Earp	Wash	Bridge	has	a	sufficiency	rating	of	49.50	and	was	expected	to	have	a	high	resilience	rating.		The	actual	resilience	rating	is	43.9,	meaning	that	the	bridge	does	not	fit	into	the	expected	category	of	low	sufficiency	and	high	resilience	rating.	However,	the	resilience	rating	is	higher	than	those	for	Tanner	Wash	and	Midgley	Bridges.		 Several	factors	led	to	the	low	resilience	rating	of	Earp	Wash	Bridge.		The	bridge	is	not	resilient	to	extreme	temperature.		The	four-span	bridge	is	integral	with	its	supports	and	the	extreme	temperature	change	induces	a	stress	of	2810	psi.		However,	due	to	the	bridge’s	age,	the	compressive	strength	of	the	concrete	is	only	3000	psi.		Thus,	the	stresses	induced	from	an	extreme	change	in	temperature	are	more	than	50%	of	the	compressive	strength.		In	addition,	the	bridge	has	no	scour	protection	for	the	flow	control	or	waterway	floor.		The	controlling	scour	protection	countermeasure	rated	0,	making	the	bridge	non-resilient	to	scour.		The	load	rating	for	the	bridge	is	not	up	to	the	HL-93	standards	and	had	an	ADT	of	34,500.		This	makes	the	user	cost	rating	low.				 The	bridge	demonstrates	resilient	characteristics.		The	foundations	are	steel	H	piles	and	are	driven	to	a	depth	of	approximately	30	feet	into	the	ground.		Thus,	the	piers	and	abutments	are	not	susceptible	to	washout.		In	addition,	the	structure	is	redundant.		Loads	
101		
can	be	redistributed	in	the	case	of	a	loss	of	a	section	of	slab	reinforcement,	making	it	more	resilient	to	a	change	in	load	path.		The	strength	reduction	factor	ratio	is	also	high,	which	means	the	bridge	is	not	likely	to	experience	a	sudden,	unexpected	failure	due	to	shear.		In	this	case,	it	is	seen	that	a	low	sufficiency	rating	is	correlated	with	a	low	resilience	rating.	



















































Resilience	Indicator	 Weight,	W(x)	 Rating,	R(x)	 W(x)*R(x)	Pier/Abutment	Washout	 24.0	 15/15	 24.0	Extreme	Temperature	 7.2	 15/15	 7.2	Load	Path	 4.3	 15/15	 4.3	Failure	Mode	 4.3	 8/15	 2.31	Soil	Erosion	 60.1	 0/15	 0.0		 	 Total	(RR)=	 37.9		























































































































































































S3 14.953125 S1 55 S2 30
A 0.046875 A 0 J 0
k 1 B 0 G 0
ADT 1000 H 0
DL 1 I 0








S3 9.950596107 S1 22.07797 S2 23
A 3.049403893 A 25 J 7
k 0.53032906 B 7.92203 G 0
ADT 34500 H 0
DL 1 I 0








S3 4.697447814 S1 54.46097 S2 30
A 10.30255219 A 0 J 0
k 0.993658519 B 0.539026 G 0
ADT 2206 H 0
DL 99 I 0








S3 6.895924486 S1 47.07797 S2 25
A 8.104075514 A 0 J 5
k 0.847976119 B 7.92203 G 0
ADT 3858 H 0
DL 38 I 0
B 0 A 0
B 1
C 4
D
E 0
F 0
X 1929
Y 12
Coyote	Wash	Bridge
Earp	Wash	Bridge
Tanner	Wash	Bridge
Midgley	Bridge
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Appendix	E:	Replacement	Cost	
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Appendix	F:	Midgley	Bridge	High	Stressed	Members		
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Appendix	G:	Midgley	Bridge	Connections	
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